Abstract--The compound MgZ+-AI3+-(Fe(CN)8) 4-, with a structure similar to hydrotalcite MgoAI~(OH)~oCO3' 4HzO, is prepared by a coprecipitation method. Chemical, thermal, and X-ray analysis of the compound lead to the formula:
INTRODUCTION
Hydrotalcite-like compounds have the general composition formula: M1_x2+Mx3+(OH)2 ~+ Ax/n"-'mH20, where M 3+ is a trivalent cation such as AI 3 § Fe 3+, or Cr a+, and A n-is an anion having a valence ofn such as CI-, NOa-, SO42-, COs 2-, (CH2COO)22-, or (Fe(CN)6) 4- (Miyata, 1975) . The structure is a repetition of a positively charged brucite-like basic layer: (Mz_x2+Mx3+(OH)2) ~ § resulting from the substitution of M s+ by M 3 § and an interlayer: (A~lnn-'mH20) x-, consisting of an anion and H20. Hence, they are nonstoichiometric compounds (Allmann, 1968; Miyata, 1975) .
The thickness of the unit layer corresponds to the spacing of the (003) plane: do03. The thickness of the interlayer is obtained by subtracting the thickness of the basic layer from doo3, and is nearly equal to the diameter of the anion (Miyata, 1975) . The structure of the basic layer in the MgZ+-AP+-CO3 ~-system is analogous to that of brucite, and its thickness is 4.769 ~ at 26~ (Wyckoff, 1963) .
The water present in the interlayer is removed reversively until the temperature reaches about 300~ and the structure of the compound does not change until that temperature is reached (Miyata et al., 1971) . It is expected, therefore, that interstices in the layer, which result from the removal of water, will become adsorbing sites for molecules by the action of the polarity of the layer surface. Also it is expected that by proper choice of the diameter of the anion, the compound will have a molecular sieve effect like zeolites.
In the present paper, the Mg2+-AP+-(Fe(CN)6) 4 is expected to have a high adsorptive activity; it was prepared and dehydrated, and the adsorption of N2, 02, CO2, and H2 were measured at a pressure of 1 to 600 mm Hg and at temperatures from -196~ to room temperature by the volumetric method.
EXPERIMENTAL

Preparation of compound: Mg2+-AI3+-(Fe(CN)6) 4-system
An aqueous solution of magnesium chloride and aluminum chloride (Mg2+: 0.6 mol/liter, AIa+: 0.2 mol/liter), an aqueous solution of sodium hydroxide (2 mol/ liter), and an aqueous solution of potassium ferrocyanide (0.1 mol/liter) were mixed continuously into a 2-liter cylindrical vessel with a total flow rate of about 40 ml/min. The temperature and pH of the reaction mixture were 40 _+ I~ and 10 -0.2 with a molar ratio, (Fe(CN)6)4-/AP + maintained at 0.75. The yellowish green precipitate formed was collected by filtration, washed with water, and dried at 80~ for 20 hr.
The compounds Mg2+-AP+-C104 -, Mg2+-AP+-SO42-, and Mg2+-AP+-COa 2-were prepared by the methods described previously (Miyata et al., 1971; Miyata, 1975; Miyata and Okada, 1977) .
Chemical analysis
Fe 3 § and CN-were analyzed by chelate titrations of the sample dissolved in dilute hydrochloric acid and CHN-analyzer, respectively after decomposing the sample by heat. Analyses of the other components were made in accordance with the previous paper (Miyata, 1975; Miyata and Okada, 1977 
X-ray powder diffraction and thermal analysis
X-ray powder diffraction patterns of the samples were chart-recorded on a Phillips X-ray diffractometer using Cu-Ka radiation filtered by Ni. The scanning speed was 89176 DTA and TGA diagrams were recorded in air at a heating rate of 5~ with a Rigaku Denki DG-CIH unit.
Study of adsorption isotherms
Adsorption isotherms of the samples were determined by the volumetric method at a pressure of 1 to 600 mm Hg after evacuating the samples in vacuo at a given temperature for 1 hr. The dead volume was determined by He. He, Nz, Oz, and Hz were used after purification by ordinary methods. The CO2 used was a commercially available bomb-filled gas. Prior to use, it was vacuum-distilled 3 times.
RESULTS AND DISCUSSION
X-ray powder diffraction
The X-ray powder diffraction data of the compound Mg2+-AIZ+-(Fe(CN)6) 4-are shown in Table 1 . The ob- Table 1 . X-ray powder data for compound, MgZ+-AP+-(Fe(CN)e) a-, (1) Observed reflections. (2) served diffractions can be interpreted in terms of hexagonal cell parameters, a0 = 3.06/~, co = 33.62 A. It has the same a0 as hydrotalcite of the same composition (A1/Mg = 89 ao = 3.06 /k, co = 23.07 /~, (Frondel, 1941) , and a larger co than the latter because (Fe(CN)6) 4-has a larger ionic diameter than CO32-. Hence, the thickness of the unit layer in the sample increases by 3.52 /~. Therefore, the compound Mg2+-A13+-(Fe(CN)~) 4-has a crystal structure similar to hydrotalcite. Since the interlayer of this compound increases by 3.52/~ as compared with hydrotalcite and the diameter of a water molecule is about 3 A, it is assumed that two layers of water of crystallization are present in the interlayer with a ferrocyanide ion.
Chemical analysis
The results of chemical analysis are shown in Table  2 . The chemical composition of this compound, determined in accordance with the previous paper (Miyata, 1975) from the results of chemical analysis and the firststage weight loss in TGA which corresponds to interlayer water, is given as
A very small amount of COa z-comes from the raw material solution and the atmospheric air during sample preparation. The amount of CO3 z-in the compound containing a tetravalent anion, (Fe(CN)6) 4-, is smaller than in hydrotalcite-like compounds containing a monovalent anion such as Cl-or NO3-because an anion is ion-exchangeable and according to the law of ion exchange, a higher valence ion has stronger reactivity (Miyata and Kumura, 1973) .
Thermal analysis
According to TGA and DTA shown in Figure 1 , the loss of interlayer water begins at about 100~ and ends at about 300~ with two endothermic peaks of dehydration, at 170~ and 215~ Since one endothermic peak is ascribable to the interlayer water of hydrotalcite, it is believed that two layers of water exist between the layers. The exothermic peak at 300~ is due presumably to the decomposition of (Fe(CN)6) 4-, COz and Nz form, and CO3 replaces the anion (Fe(CN)6) 4-.
For the sample to show adsorption characteristics similar to those of a zeolite, it must be pretreated at 100 ~ to 300~ Thus, from the X-ray powder diffraction of the sample, evacuated for 1 hr at various temperatures between 100~ and 300~ changes in the thickness of the unit layer (d003) and the thickness of the interlayer, that is the spacing between layers, are examined, and the results are shown in Table 3 . At 100 ~ to 200~ d003 decreases only slightly, but at 250~ it decreases abruptly to 8.0 A which is almost equal to d00a (=7.8/~) of hydrotalcite. At 300~ the compound is nearly amorphous, and at 400~ the decomposition of the basic layer occurs with the removal of structural water and the anions. Thus, a very broad diffraction pattern in the (200) plane of MgO appears.
Adsorption of Ne
A sample evacuated for 1 hr at room temperature to 700~ was obtained for its adsorption isotherm of N~ at -196~ The results, shown in Figure 2 , indicate that the adsorption isotherms are of the Langmuir type at 100 ~ to 200~ and of the BET type at least 300~ This means that at 100 ~ to 200~ the surface is heterogeneous and chemical adsorption occurs, and at 300~ or more, physical adsorption occurs. The specific surface areas calculated from the adsorption isotherms are given in Table 4 . When the adsorption isotherm is of the Langmuir type, the saturated amount of adsorption (b) in the Langmuir equation
(where V is the amount of adsorption, p is the equilibrium pressure, and a and b are constants) is taken as the amount of adsorption of the monolayer in performing the above calculation. The maximum BET specific surface area is 419 m~/g for the dehydrated state at 150~ which is about 5 times that of the untreated sample (80 mS/g). At 300~ where dehydration is complete and the structure begins to be destroyed, the specific surface area decreases to 31 m2/g. At 400 ~ to 500~ at which MgO is formed, the specific surface area again increases. It changes little until the temperature rises to 700~ and is maintained at 260 to 317 m2/g which is extremely high for MgO. Since the compound dehydrated at 100 ~ to 200~ shows a Langmuir type adsorption isotherm and has a specific surface area 4 to 5 times as high as that of the untreated compound, it is evident that within this temperature range, N2 is adsorbed in the interlayer.
The N2 adsorption isotherm at room temperature was measured with a sample pretreated at 100 ~ to 250~ Figure 3 shows that all of the N2 adsorption isotherms are of the Henry type, and the amount of Nz chemisorbed increases progressively when the pretreating temperature changes as 150 ~ > 200 ~ > I00 ~ > 250~ and that the amount of adsorption at 250~ is very small.
Since the tendency of the amount of adsorption at room temperature in regard to pretreatment temperature coincides with the result obtained at -196~ the N2 adsorbing activity becomes maximum at a pretreatmerit temperature of 150~ Isosteric heats of adsorption, which were determined by using the Clausius-Clapeyron equation from the N2 adsorption isotherm at room temperature (15 ~ to 35~ of the Mg~+-AlZ+-(Fe(CN)6) 4-compound evacuated in Clays and Clay Minerals vacuo for 1 hr at 150~ are 5.1 to 4.8 kcal/mol at an adsorbing amount of 1 to 2 ml (STP)/g. If the saturated amount of N2 adsorption at -196~ is calculated as the amount of adsorption of the monolayer, the coverage is 0.01 to 0.02. This heat of adsorption is an amount equal to the heat of N2 adsorption on zeolite 5A which is 4.72 kcal/mol (Takagi, 1959) , and is about 4 times as high as the heat of liquefaction of N2 which is 1.33 kcal/ mol (Nipponkagakukai, 1966) . The reason for this is probably that since the spacing in the interlayer is close to the diameter of an N2 molecule as in the case of zeolite 5A, N2 is strongly adsorbed to the surface of the basic layer charged positively.
Adsorption of Oe
The O2 adsorption isotherms on the Mg2+-A13+-(Fe(CN)np-compound evacuated in vacuo at 150~ for 1 hr are determined at -196 ~ 15 ~ 25 ~ and 35~ The adsorption isotherm at -196~ is of the Langmuir type, and the saturated amount of adsorption is 65.2 ml (STP)/g. This amount corresponds to about 68% of the saturated amount of adsorption of N2 at -196~ which is 96.3 ml (STP)/g. It also corresponds to about 37% and 30% respectively of the saturated amount of adsorption of O2 on zeolite 4A and zeolite 5A (Breck et al., 1956) . Figure 4 shows that the adsorption isotherm at room temperature is of the Henry type, the same as in the case of N2 adsorption. It is seen from Figures 3 and 4 that the amounts of N2 and 02 adsorbed at a temperature 25~ and a pressure of 30 cm Hg are 1.91 ml (STP)/ g and 1.23 ml (STP)/g, respectively, and the ratio of the amount of 02 adsorbed to that of N2 adsorbed is 64%. Since the same ratio at -196~ is 68%, the results are almost the same for both cases. The isosteric heat of adsorption calculated on the basis of Figure 4 is 4.8 kcal/mol when the amount of adsorption is 1.0 ml (STP)/ g. The value is slightly smaller than for N2 adsorption. If the saturated amount of 02 adsorbed at -196~ is calculated as the amount of monolayer adsorbed, this amount of adsorption corresponds to the coverage of 0.015. This value is higher than the heat of liquefaction of 02 which is 1.63 kcal/mol, (Nipponkagakukai, 1966) and the isosteric heat of O2 adsorption on zeolite 5A which is 3.16 kcal/mol (Takagi, 1959) . The isosteric heat of adsorption of N2 is slightly higher than that of 02 presumably because the diameter of N2 (3.0 A.) is closer to the thickness of the interlayer than that of Oz (2.8 A).
Adsorption of COe
In order to ascertain the presence or absence of a molecular sieve effect, adsorption of CO2 at 25~ is ex- amined on an Mg2+-AI3+-CO3 z-compound, an Mg ~+-AIa+-so42-compound, an Mg2+-A13+-C104-compound, and an MgE+-Ala+-(Fe(CN)64-compound having different interlayer thickness. All of these samples are evacuated in vacuo at 150~ for 1 hr prior to testing. The unit layer thickness (d003) and interlayer thickness of the samples are shown in Table 5 . Figure 5 and Table 5 show that the CO32--type compound having an interlayer thickness of 2.87 .~, does not permit adsorption of CO2, whereas the SO42-, C104-, and (Fe(CN)6)4--type compounds having an interlayer thickness of at least 3.81 ,~ all permit adsorption. The amount of CO2 adsorbed increases in the order of increasing thickness of the interlayer, i.e., (Fe(CN)6) 4-> CIOc > SO42--type compound. The critical dimension of a CO2 molecule is 2.8/~ (Breck et al., 1956) . As is clear from the example of the (Fe(CN)6)4--type compound, the interlayer thickness of the CO3Z--type compound pretreated at 150~ must slightly decrease over the untreated compound. Hence, the interlayer thickness of the CO32 -type compound is actually smaller than 2.8 ,~. Accordingly, the CO3Z--type compound does not permit adsorption of CO2. However, in the SOa2--type compound having an interlayer thickness of 3.81/~, the real interlayer thickness of this compound after dehydration must be larger than 2.8/k even when shrinkage by pretreatment is considered. Hence, the SO42--type compound adsorbs COs in the interlayer. The adsorption isotherm of the (Fe(CN)6)4--type compound is of the Langmuir type, and the saturated amount of adsorption is 72.0 ml (STP)/g. This amount of adsorption corresponds to about 63% of that on zeolite 5A (Breck, 1956 ). The isosteric heat of adsorption is calculated from the adsorption isotherm of the Mg2+-AIZ+-(Fe(CN)6) 4-compound at room temperature when the amount of adsorption is 15 to 40 ml (STP)/g and the coverage is 0.16 to 0.44. Within this range of coverage, the isosteric heat of adsorption is substantially constant at 11.0 kcal/ mol. This value represents a relatively weak chemical adsorption.
None of the samples permits adsorption of H2 at room temperature.
The foregoing results demonstrate that by removing the interlayer water at 100 ~ to 250~ from compounds having structures similar to hydrotalcite, the interstices in the interlayer act as adsorbing sites for molecules. By changing the type of anion, the interlayer thickness of each compound changes accordingly, and the compound exhibits a molecular sieve effect according to the diameter of the anion. As a specific example, a gas chromatographic column (1 m length), filled with an Mg2+-AP+-(Fe(CN)6) 4-compound having a size of about 80 mesh, is dehydrated at 150~ for 1 hr in a stream of hydrogen. When a gaseous mixture of air and H2 is passed through the column using helium as a carrier gas, it is separated into Hz, 02, and Nz (Miyata and Kumura, 1973) . Accordingly, the compounds having structures similar to hydrotalcite exhibit properties very similar to those of a zeolite. The only difference is that while the former are of two-dimensional structure and in many cases solid bases, the latter are of three-dimensional structure and solid acids. 
